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Mast cellRecent studies have revealed that SNARE proteins are involved in exocytotic release inmast cells. Previously, we
reported that mast cell SNARE proteins induce membrane fusion between liposomes. Moreover, we found that
synaptotagmin 2, a candidate Ca2+ sensor formast cell exocytosis, enhanced SNARE-mediatedmembrane fusion
via Ca2+ and phosphatidylserine. Phosphatidylinositol 4,5-bisphosphate (PIP2) is an acidic phospholipid like
phosphatidylserine. In the present study, we investigated whether PIP2 is involved in the enhancement effect
of synaptotagmin 2 on SNARE-mediated membrane fusion. PIP2 did not show any signiﬁcant effect on SNARE-
mediatedmembrane fusion by itself. In the presence of Ca2+, synaptotagmin 2 enhanced SNARE-mediatedmem-
brane fusion between liposomes containing PIP2. However, even in the presence of Ca2+, whenwe used 100% PC
liposomes, synaptotagmin 2 did not show any signiﬁcant effect on SNARE-mediatedmembrane fusion. These re-
sults indicated that PIP2 is involved in the enhancement effect of synaptotagmin 2 onmembrane fusion between
liposomes containing mast cell SNARE proteins.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Mast cells are immune cells that are involved in allergic and inﬂam-
matory responses such as pollinosis, asthma, and anaphylactic re-
sponses. Cross-linking of FcεRI, the high-afﬁnity receptor for IgE, by
multivalent antigens increases intracellular Ca2+ concentration, which
induces an exocytotic release of inﬂammatory mediators from
mast cells (degranulation) [1–3]. Recent studies have revealed that sol-
uble N-ethyl maleimide-sensitive factor attachment protein receptor
(SNARE) proteins are involved in this exocytotic process [4–9]. More-
over, SNARE binding proteins also regulate SNARE-dependent exocyto-
sis in mast cells [9–14].
Synaptotagmin, one of the SNARE binding proteins, is a vesicular
protein that has two C2 domains at its C-terminal [15]. In neuronal
cells, synaptotagmin 1 is thought to be a Ca2+ sensor for exocytotic re-
lease of neurotransmitters [16]. Unlike the case in neuronal cells, synap-
totagmin 2 but not synaptotagmin 1 is the most abundant isoform of
synaptotagmin and is thought to be engaged in mast cells [10,17]. For
example, bone marrow-derived murine mast cells (BMMC) prepared
from synaptotagmin 2 knockout mice showed impaired degranulationrashima).
niversity, 2-11-1 Kaga, Itabashi-after antigen stimulation [18]. Recently, we investigated the role of syn-
aptotagmin 2 in mast cell exocytosis using a SNARE liposome-based fu-
sion assay [19]. In the absence of Ca2+, synaptotagmin 2 inhibited
SNARE-mediated membrane fusion, whereas synaptotagmin 2 en-
hanced SNARE-mediated membrane fusion in the presence of Ca2+.
Furthermore, we found that this Ca2+ dependent enhancement by syn-
aptotagmin 2 required phosphatidylserine (PS) as a membrane compo-
nent. However, it is not clear whether this enhancement effect by
synaptotagmin 2 on SNARE-mediated membrane fusion is speciﬁc to
PS as a membrane component.
Phosphatidylinositol 4,5-bisphosphate (PIP2) as well as PS is an
acidic phospholipid that localizes on the inner leaﬂet of the plasma
membrane [20,21]. Some studies have reported that PIP2 is required
for exocytosis [20,22,23]. For example, synaptotagmin 1 interacted
with PIP2 in a Ca2+-promoted manner [24,25]. Moreover, synaptotag-
min 1 promoted liposomal membrane fusion mediated by neuronal
SNARE through Ca2+ and PIP2 [26].
In the present study, we investigatedwhether PIP2 is involved in the
enhancement effect of synaptotagmin 2 using a liposome-based fusion
assay. PIP2 did not show any signiﬁcant effect on SNARE-mediated
membrane fusion by itself. However, in the presence of Ca2+, synapto-
tagmin 2 enhanced SNARE-mediated membrane fusion between lipo-
somes containing PIP2. When 100% PC was used as a membrane
component, this enhancement was not observed even in the presence
of Ca2+. These results suggested that in addition to PS, PIP2 is also
2291S. Tadokoro et al. / Biochimica et Biophysica Acta 1848 (2015) 2290–2294involved in the enhancement effect of synaptotagmin 2 on membrane
fusion between liposomes containing mast cell SNARE proteins.
2. Materials and methods
2.1. Expression and puriﬁcation of recombinant proteins
Full-length rat syntaxin-3, VAMP-8, SNAP-23, and synaptotagmin 2
C2 domain (residues 146–422) were expressed in BL21. These recombi-
nant proteins were puriﬁed as previously described [14,18,27]. Brieﬂy,
SNAP-23 and synaptoagmin 2 C2 domainwere expressed asGlutathione
S-transferase (GST) tagged fusion proteins. Syntaxin-3 and VAMP-8
were expressed as histidine tagged fusion proteins. GST and histidine fu-
sion proteins were puriﬁed by afﬁnity chromatography. Concentrations
of recombinant proteins were determined by the Bradford method.
2.2. Protein reconstitution
VAMP-8 (v-SNARE) and SNAP-23/syntaxin-3 (t-SNARE) were incor-
porated by a detergent dialysis method as described previously [28,29].
The following lipids were obtained from Avanti Polar Lipids (Alabaster,
AL, USA): 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC), 1,2-dioleoyl
phosphatidylserine (DOPS), N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-
dipalmitoyl phosphatidylethanolamine (NBD-DPPE), N-(lissamine rho-
damine B sulfonyl) 1,2-dipalmitoyl phosphatidylethanolamine (rhoda-
mine-DPPE), and L-α-phosphatidylinositol-4,5-bisphosphate (PIP2). For
v-SNARE liposomes, 100 μl of VAMP-8 solution (1.5 mg/ml VAMP-8,
0.8% n-octyl-D-glucoside, 100mMKCl, 10% glycerol, 1 mM dithiothreitol
(DTT), and 25 mM HEPES) was added to a 3 mM lipid ﬁlm
(POPC:DOPS:NBD-DPPE:rhodamine-DPPE = 82:15:1.5:1.5 mol ratio)
and the solution dissolved the lipid ﬁlm. Liposomes were prepared by
detergent dilution and dialyzed against reconstitution buffer (100 mM
KCl, 10% glycerol, 1 mM DTT, and 25 mM HEPES) containing 1 g/l of
SM2 beads (Bio-Rad Laboratories, Hercules, CA) overnight at 4 °C.
Liposomes were concentrated by ﬂotation in a Histodenz (Sigma, St
Louis, MO, USA) density gradient. The liposomes were harvested from
the 0/30% Histodenz interface.
For t-SNARE liposomes, 500 μl of t-SNARE solution (4 mg/ml SNAP-
23 and syntaxin-3, 0.8% n-octyl-D-glucoside, 100 mM KCl, 10% glycerol,
1 mM DTT, and 25 mM HEPES) was added to a 15 mM premixed lipid
ﬁlm (POPC:PIP2 = 90:10 mol ratio) and the solution dissolved the
lipid ﬁlm. When PIP2 was omitted from the solution, PC was increased
to 100% for the t-SNARE liposomes. Liposomes were prepared by deter-
gent dilution and dialyzed against reconstitution buffer and harvested
as described above.
2.3. Membrane fusion assay
Membrane fusion assayswere performed as previously reported [19,
27]. Brieﬂy, all assays included 10 μl v-SNARE liposomes and 90 μl t-
SNARE liposomes with an additional 400 μl of reconstitution buffer or
synaptotagmin 2 C2 domain solution. The t-SNARE liposomes were
mixed with synaptotagmin 2 C2 domain and thesemixtures were incu-
bated for 30 min at 4 °C. These mixtures were added to v-SNARE lipo-
somes and were transferred into quartz microcuvettes that were
placed in a spectroﬂuorometer (RF-5300 Shimadzu, Kyoto, Japan) at
37 °C. NBD ﬂuorescence (525 nm)wasmeasured at an excitationwave-
length of 480 nm. Maximal NBD ﬂuorescence intensity was determined
by adding 100 μl of 2.5% Triton X-100. Membrane fusion was estimated
as previously described [19,27–29]. In brief, liposomes with v-SNARE
and t-SNAREs were mixed at time 0. And fusion degree was estimated
by the following formula: fusion degree = 100 × [F(t) − F(0)] /
[Fmax − F(0)], where F(t) is the ﬂuorescence intensity of NBD at t,
F(0) is theﬂuorescence intensity at t=0, and Fmax is themaximal ﬂuo-
rescence intensity when 100 μl of 2.5% Triton X-100 was added to the
sample.2.4. Statistical analysis
Data are presented as mean ± SEM and the statistical analysis was
performed using Student's t-test or Kruskal–Wallis test with Bonferroni
correction for multiple comparison.3. Results
3.1. Effect of PIP2 on membrane fusion between liposomes containing mast
cell SNARE proteins
In mast cells, SNARE proteins such as SNAP-23, syntaxin-3, syntaxin-
4, VAMP-7, and VAMP-8 are expressed and these SNARE proteins are
thought to be involved in mast cell degranulation [4–9]. We found that
the combination of SNAP-23 + syntaxin-3 as t-SNAREs and VAMP-8 as
v-SNARE induced the most effective membrane fusion between lipo-
somes [27]. Thus, we investigated the effects of PIP2 on membrane fu-
sion between liposomes containing t-SNAREs (SNAP-23 + syntaxin-3)
and v-SNARE (VAMP-8). PIP2 localizes at the plasma membrane and is
absent from secretory vesicles [20,21]. James et al. showed that
~6mol% PIP2 is present in microdomains in the inner leaﬂet of the plas-
ma membrane in PC12 cells [30]. They investigated the role of PIP2 in
neuronal SNARE-mediated membrane fusion using SNAP-25/syntaxin-
1 liposomes containing 10% PIP2 (90% PC). Thus, we prepared SNAP-
23/syntaxin-3 liposomes containing 10% PIP2 (90% PC) and studied the
effect of PIP2 on SNARE-mediated membrane fusion. As a control, we
used t-SNARE liposomes containing only PC. As shown in Fig. 1A and
B, both types of t-SNARE liposomes (with and without PIP2) exhibited
membrane fusion with v-SNARE liposomes; however, we could not
ﬁnd any signiﬁcant changes in membrane fusion efﬁciency (Fig. 1C).3.2. Effects of synaptotagmin 2 on SNARE-mediated membrane fusion
Previously, we investigated the effect of synaptotagmin 2 on SNARE-
mediated membrane fusion between liposomes [19]. We found that in
the absence of Ca2+, synaptotagmin 2 inhibited SNARE-mediatedmem-
brane fusion. However, in the presence of Ca2+, synaptotagmin 2
enhanced SNARE-mediated membrane fusion. We also found that
the enhancement effect of synaptotagmin 2 depended on PS as a mem-
brane component. PIP2 is a negatively charged lipid like PS, and synap-
totagmin is known to interact with PIP2 in a Ca2+-promoted manner
[23,24]. Thus, we examined whether synaptotagmin 2 affected the
SNARE-mediated membrane fusion using SNAP-23/syntaxin-3 lipo-
somes containing 10% PIP2 (90% PC).
In the absence of Ca2+, synaptotagmin 2 inhibited SNARE-mediated
membrane fusion in a dose-dependent manner (Fig. 2). However, the
addition of Ca2+ at 60 min (indicated by an arrow in Fig. 3A, B) en-
hanced SNARE-mediated membrane fusion (Figs. 3A, B; 4). These re-
sults suggested that synaptotagmin 2 also enhances the SNARE-
mediated membrane fusion of PIP2-containing liposomes depending
on Ca2+, similar to the case of PS-containing liposomes [19].3.3. Effects of PIP2 on membrane fusion involving synaptotagmin 2
As shown in Fig. 2, in the absence of Ca2+, synaptotagmin 2
inhibited SNARE-mediated membrane fusion, whereas in the presence
of Ca2+, synaptotagmin 2 enhanced SNARE-mediatedmembrane fusion
(Fig. 3). To understand whether these inhibitory and facilitatory effects
of synaptotagmin 2 onmembrane fusion are dependent of PIP2,we pre-
pared t-SNARE liposomes containing only PC as a membrane compo-
nent. The inhibitory effect of synaptotagmin 2 in the absence of Ca2+
was not affected by PIP2 (Fig. 5A, B). However, the enhancement effect
of synaptotagmin 2 in thepresence of Ca2+was not observed in the case
of t-SNARE liposomes without PIP2 (Fig. 5B).
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Fig. 1. Effect of PIP2 on SNARE-mediated membrane fusion. A. SDS-PAGE analysis of lipo-
somes containing SNAREs used in fusion assay (left) and time course of fusion degree
(right). SNAP-23/syntaxin-3 liposomes using PC only and VAMP-8 liposomes containing
82% PC and 15% PS plus 1.5% NBD-PE and 1.5% rhodamine-PE were mixed at time 0. B.
SDS-PAGE analysis of liposomes containing SNAREs used in fusion assay (left) and time
course of fusion degree (right). SNAP-23/syntaxin-3 liposomes containing 10% PIP2 (90%
PC) and VAMP-8 containing 82% PC and 15% PS plus 1.5% NBD-PE and 1.5% rhodamine-
PE liposomes were mixed at time 0. C. Each value represents the extent of fusion at
120 min. The bar represents mean ± SEM.
Fig. 2.Effect of synaptotagmin 2 on SNARE-mediatedmembrane fusion SNAP-23/syntaxin-
3 liposomes containing 10% PIP2 (90% PC) and VAMP-8 liposomes containing 82% PC and
15% PS plus 1.5% NBD-PE and 1.5% rhodamine-PEweremixed. The extent of SNARE-medi-
atedmembrane fusion at 60 min is expressed as a relative fusion degree relative to the fu-
sion degree under the conditionwithout synaptotagmin2 andCa2+ (the leftmost column).
The concentrations of synaptotagmin 2 are indicated below each bar. Each bar represents
mean ± SEM (*p b 0.05, Kruskal–Wallis test with Bonferroni correction).
A
B
Fig. 3. Induction of SNARE-mediatedmembrane fusion by synaptotagmin 2 upon Ca2+ ad-
dition. A–B. SNAP-23/syntaxin-3 liposomes containing 10% PIP2 (90% PC) and VAMP-8 li-
posomes containing 82% PC and 15% PS plus 1.5% NBD-PE and 1.5% rhodamine-PE were
mixed.Membrane fusion degree in thepresence of synaptotagmin 2 (10 μM) is plotted be-
fore and after the addition of Ca2+ at 60 min (indicated by the arrow) after mixing of
SNARE liposomes.
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and PIP2
Some researchers have revealed that other alkalinemetals substitut-
ed for Ca2+ induce release from secretary cells, including mast cells
[31–33]. One of the most abundant alkaline metals in cells is Mg2+.
Thus, we investigated whether Mg2+ is involved in the enhancement
effect of synaptotagmin 2 on SNARE-mediatedmembrane fusion.With-
out Mg2+, synaptotagmin 2 inhibited SNARE-mediated membrane fu-
sion (Fig. 6A, B). The addition of Mg2+ at 60 min (indicated by an
arrow in Fig. 6A) showed no enhancement effect of synaptotagmin 2
on SNARE-mediated membrane fusion in the presence of Mg2+
(Fig. 6A, B). This result indicated that Mg2+ does not work as a substi-
tute for Ca2+ in terms of the enhancement effect of membrane fusion
mediated by synaptotagmin 2 and PIP2.
4. Discussion
We investigated the role of PIP2 in mast cell exocytosis using a
liposome-based fusion assay [28,29]. James et al. reported that 10%
PIP2 incorporated into t-SNARE liposomes slightly suppressed neuronalSNARE-mediated membrane fusion [30]. Thus, we also investigated the
effect of PIP2 on the membrane fusion between liposomes containing
mast cell SNARE proteins. However, PIP2 did not show any signiﬁcant
effect (Fig. 1), suggesting that PIP2 has no effect on SNARE-mediated
Fig. 4.Effects of synaptotagmin2/Ca2+ on SNARE-mediatedmembrane fusion. In thepres-
ence of 1 mM Ca2+, synaptotagmin 2 enhanced SNARE-mediated membrane fusion of li-
posomes containing 10% PIP2. Each value represents the relative fusion degree relative to
the fusion degree under the condition without synaptotagmin 2 and Ca2+ (*p b 0.05,
Kruskal–Wallis test with Bonferroni correction.
A
B
2293S. Tadokoro et al. / Biochimica et Biophysica Acta 1848 (2015) 2290–2294membrane fusion. Next, we studied whether PIP2 is involved in
enhancing SNARE-mediated membrane fusion by synaptotagmin 2.
Previously, we reported that synaptotagmin 2 interacted with PS in
a Ca2+-dependent manner and this interaction was responsible forA
B
Fig. 5. Involvement of PIP2 in the regulation of membrane fusion by synaptotagmin 2. A.
Membrane fusion degree in the presence of synaptotagmin 2 (10 μM) is plotted before
and after the addition of 1 mM Ca2+ at 60 min (indicated by the arrow) after mixing of
SNARE liposomes. SNAP-23/syntaxin-3 liposomes using PC only and VAMP-8 liposomes
containing 82% PC and 15% PS plus 1.5% NBD-PE and 1.5% rhodamine-PE were mixed at
time 0. B. Relative fusion degree of liposomes without PIP2 in the absence or presence of
1 mM Ca2+ is shown. The bar represents mean ± SEM (*p b 0.05, Kruskal–Wallis test
with Bonferroni correction).
Fig. 6.Effect ofMg2+on SNARE-mediatedmembrane fusion involving synaptotagmin 2. A.
Membrane fusion degree in thepresence of synaptotagmin2 (10 μM) is plotted before and
after the addition of Mg2+ at 60min (indicated by the arrow) after mixing of SNARE lipo-
somes. SNAP-23/syntaxin-3 liposomes containing 10% PIP2 (90% PC) and VAMP-8 lipo-
somes containing 82% PC and 15% PS plus 1.5% NBD-PE and 1.5% rhodamine-PE were
mixed at time 0. B. Relative fusion degree of liposomes in the absence or presence of
1 mM Mg2+ is shown. The bar represents mean ± SEM (*p b 0.05, Kruskal–Wallis test
with Bonferroni correction).enhanced SNARE-mediated membrane fusion [19]. Bai et al. revealed
that synaptotagmin 1 interacted with PIP2 in a Ca2+-independent
manner. However, in the presence of Ca2+, increased binding activ-
ity was observed between synaptotagmin 1 and PIP2 [24,25]. Thus,
we examined whether PIP2 is involved in enhancing membrane fu-
sion by synaptotagmin 2. In the absence of Ca2+, synaptotagmin 2
inhibited SNARE-mediated membrane fusion (Fig. 2). However, this
inhibitory effect of synaptotagmin 2 was lost by the addition of
Ca2+ (Fig. 3). Moreover, in the presence of Ca2+, synaptotagmin 2
enhanced SNARE-mediated membrane fusion (Figs. 3, 4). This en-
hancement effect of synaptotagmin 2 was not found when we used
100% PC t-SNARE liposomes (Fig. 5). Wang et al. reported that PIP2
is involved in the enhancement effect of synaptotagmin 1 using neu-
ronal SNARE liposomes [26]. PIP2 may be involved in mast cell exo-
cytotic membrane fusion as well as in neuronal exocytosis.
Next, we investigatedwhether other bivalent cationsmay also cause
an enhancement effect of synaptotagmin 2 on SNARE-mediated mem-
brane fusion. In particular, we focused on Mg2+ because it is one of
the most abundant alkaline metals in the cells. As shown in Fig. 6, syn-
aptotagmin 2 did not show any enhancement effect in the presence of
Mg2+ instead of Ca2+. Bhalla et al. revealed that Mg2+ did not show
the enhancement effect of synaptotagmin 1 on neuronal SNARE-
mediated membrane fusion between liposomes containing PS; this
was because synaptotagmin 1 did not bind with PS via Mg2+ [34]. We
2294 S. Tadokoro et al. / Biochimica et Biophysica Acta 1848 (2015) 2290–2294conﬁrmed that synaptotagmin 2 interacted with liposomes containing
PIP2 in a Ca2+ promoted manner but Mg2+ did not show any effect
(data not shown).Mg2+may not be involved in the enhancement effect
of synaptotagmin 2. Actually, Mg2+ does not induce the release of hista-
mine from mast cells [32].
In this study, we found that in addition to PS, PIP2 is also involved in
the enhancement effect of synaptotagmin 2 on SNARE-mediated mem-
brane fusion. PS is present both in plasma membrane and in the secre-
tory vesicles membrane. On the other hand, PIP2 localizes on the
plasma membrane. Even in the absence of Ca2+, synaptotagmin 2 can
bind with PIP2 to some extent (data not shown). PIP2 may have the
role of tethering secretory vesicles to the release sites to support the
quick secretion after Ca inﬂux.
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